ABSTRACT Conjugative transfer is the most important means of spreading antibiotic resistance and virulence factors among bacteria. The key vehicles of this horizontal gene transfer are a group of mobile genetic elements, termed conjugative plasmids. Conjugative plasmids contain as minimum instrumentation an origin of transfer (oriT), DNA-processing factors (a relaxase and accessory proteins), as well as proteins that constitute the trans-envelope transport channel, the so-called mating pair formation (Mpf) proteins. All these protein factors are encoded by one or more transfer (tra) operons that together form the DNA transport machinery, the Gram-positive type IV secretion system. However, multicellular Gram-positive bacteria belonging to the streptomycetes appear to have evolved another mechanism for conjugative plasmid spread reminiscent of the machinery involved in bacterial cell division and sporulation, which transports double-stranded DNA from donor to recipient cells. Here, we focus on the protein key players involved in the plasmid spread through the two different modes and present a new secondary structure homology-based classification system for type IV secretion protein families. Moreover, we discuss the relevance of conjugative plasmid transfer in the environment and summarize novel techniques to visualize and quantify conjugative transfer in situ.
INTRODUCTION
Conjugative transfer is an important driver in evolution, enabling bacteria to acquire new traits (1, 2, 3, 4, 5) . During conjugative transfer, DNA translocation across the cell envelopes of two cells forming a mating pair is mediated by two types of mobile genetic elements: conjugative plasmids and integrating conjugative elements (ICEs) (1, 5, 6, 7, 8) . Most conjugative plasmids apply a sophisticated multiprotein secretion apparatus, the so-called type IV secretion system (T4SS) to transfer DNA to a recipient cell (9, 10, 11, 12, 13) . Conjugative T4SSs of Gram-positive (G+) bacteria exhibit considerable similarities to their Gram-negative (G-) counterparts; the first steps processing the plasmid DNA to be transferred with the relaxase, covalently attached to its 5′ end, are virtually identical (11, 14, 15, 16) . However, the actual DNA translocation process including the passage of the cell envelope of the donor and the recipient cell appears to differ considerably between G+ and G-bacteria. This might be due to the differences in the structure of the cell envelope: cytoplasmic membrane followed by a thick multilayered peptidoglycan (PG) in G+ bacteria versus a two-membrane configuration with periplasmic space and thin PG layer between the two membranes in G-bacteria. Therefore, it is not surprising that homologs of VirB7, VirB9, and VirB10 proteins identified as actual G-T4SS channel components (17, 18, 19, 20, 21, 22, 23) have not been detected so far in G+ T4SSs.
Another type of conjugative DNA translocation machinery appears to have evolved in the order of Actinomycetales, it appears to be unique to conjugative plasmids and ICEs of multicellular bacteria belonging to this group of high G + C G+ bacteria (24) . Their conjugative system resembles the machinery that promotes the segregation of chromosomal DNA during bacterial cell division and sporulation and requires a single FtsK-homologous protein to transfer doublestranded DNA to the recipient cell (24, 25, 26) . Key factors of both translocation systems have been identified and the first models for conjugative plasmid transfer in G+ bacteria via both distinct modes have been presented (17, 25, 27, 28, 29) .
The purpose of this article is to summarize the current state of knowledge of conjugative plasmid transfer in G+ bacteria explaining the distinct concepts as far as understood to date on the basis of three prominent model systems, the broad-host-range plasmids of the Inc18 family, the Enterococcus sex pheromoneresponsive plasmids, and the Streptomyces plasmids. In addition, we present a new classification system based on a secondary structural homology prediction that can detect new T4SS components and assign the detected proteins to protein families postulating their function in the T4S process. Finally, we discuss the importance of conjugative plasmid transfer in different environments and end with emerging tools to quantify conjugative plasmid transfer in situ.
TWO DIFFERENT CONJUGATIVE TRANSFER MECHANISMS
In G+ bacteria two distinct conjugative mechanisms have evolved, most likely dependent on the tendency to live as "unicellular bacteria" versus "multicellular bacteria," the latter reminiscent of multicellular eukaryotic organisms, as is the case for streptomycetes (11) . The great majority of G+ bacteria seem to conjugate via passage of single-stranded DNA through T4SSs. Nevertheless, the G+ T4SSs appear to be more simply organized than the better characterized G-counterparts. Multicellular G+ bacteria like Streptomyces seem to use a completely different mechanism that is reminiscent of the machinery involved in bacterial cell division or spore formation. Moreover, once a Streptomyces cell has acquired a plasmid molecule it is easily transferred to the cells in the vicinity via a process called spreading (11, 30, 31) .
SINGLE-STRANDED DNA TRANSFER IN GRAM-POSITIVE BACTERIA
The G+ T4S mechanism and its peculiarities will be presented on the basis of the broad-host-range conjugative plasmid pIP501 belonging to the incompatibility group Inc18 (32) and the Enterococcus sex pheromone-responsive plasmid pCF10 (33, 34) .
Conjugative Transfer of Broad-Host-Range Plasmids
The conjugative broad-host-range model system in G+ bacteria is the promiscuous plasmid pIP501 studied in our groups. Similarities and peculiarities with respect to the most extensively studied G-systems, as exemplified by the prototype Agrobacterium tumefaciens T-DNA transfer system, are highlighted. All major protein families encountered in G-T4SSs have also been detected in the G+ bacteria (17, 27, 35) . T4SSs promoting conjugative DNA transfer encode member(s) of an additional protein family -not present in T4SSs dedicated to effector transport -the so-called DNA-processing enzymes or relaxases. Relaxases are required for the preparation of the single-stranded plasmid DNA molecule that is translocated via the mating pair formation (Mpf ) complex constituted by the other T4SS proteins to the recipient cell. The reaction catalyzed by the relaxase is mechanistically identical in G+ and G-bacteria (recently reviewed by Zechner et al. [16] ). For plasmid pIP501, originally isolated from Streptococcus agalactiae (36), for which self-transfer to virtually all G+ bacteria and additionally to Escherichia coli was demonstrated (37), the TraA relaxase has been characterized in some biochemical detail (38, 39, 40) . In addition to its function as a site-specific DNA-nicking enzyme, it has been shown to negatively regulate the expression of all T4SS proteins encoded in the tra operon thereby autoregulating its own expression (Fig. 1) . Interestingly, in contrast to most other conjugative T4SSs (9, 16, 41, 42, 43) no auxiliary factors required for TraA-mediated oriT pIP501 cleavage have been identified so far (39) .
The other protein families also represented in G-T4SSs are as follows: (i) the motor protein family, (ii) the PG hydrolase family, (iii) the T4SS channel/putative core component family, and (iv) the surface factor/adhesin family. Representatives of these protein families from plasmid pIP501 will be introduced in the following section.
Motor Protein Family
The pIP501 transfer (tra) region codes for two putative ATPases (TraE, TraJ) containing the NTP-binding motifs typically found in proteins with ATPase activity. Yeast-two-hybrid and pull-down experiments showed that TraE strongly interacts with itself (27) , confirming the formation of oligomers that were predicted based on its similarity to T4SS ATPases of G-and G+ origin (23, 44, 45, 46, 47) . Moreover, TraE was shown to bind to the PG hydrolase TraG and to TraN, a cytosolic doublestranded DNA-binding protein (27) . Recent data suggest two further candidates for a close interaction with TraE: TraH and TraJ (N. Goessweiner-Mohr et al., unpublished data). These interactions point to a crucial role of TraE in the T4S process in addition to its putative function as motor protein fueling the DNA translocation process and/or the assembly of the T4S machinery. We postulate that it could be directly involved in the buildup of the transfer channel and/or the transport of the substrate.
For TraJ, we postulate that it might act as a T4SS coupling protein in the pIP501 plasmid transfer process, likely aided by TraI, which would position TraJ to the cell membrane through protein-protein interaction (N. Goessweiner-Mohr et al., unpublished data). If this assumption holds true, TraI and TraJ will represent a novel two-partner T4SS coupling protein as postulated by Alvarez-Martinez and Christie (35) . Surprisingly, no self-interaction was detected for TraJ (27) . It is likely that a stable oligomerization, as reported for related T4SS coupling proteins (29, 48, 49, 50, 51) , requires the presence of TraI. TraJ was found to interact with the relaxase TraA (27) , further confirming its putative role as a coupling protein, which links the relaxosome protein-DNA complex to the actual transfer channel. Furthermore, TraJ showed binding affinity for the double-domain, membrane-spanning protein TraF and for the PG hydrolase TraG (27) 
The Peptidoglycan Hydrolase Family
The pIP501 T4SS codes for TraG, a 369-aa protein with PG cleaving activity. TraG has been shown to be indispensable for pIP501 transfer in Enterococcus faecalis (52) . It is the first PG-hydrolyzing protein characterized so far for which absolute requirement in the T4SS process has been demonstrated. For TraG, a modular architecture is anticipated: at the amino terminus of the protein (positions 20 to 36, GenBank: CAD44387.1; HMMTOP [53] ) a transmembrane helix (TMH) is predicted, postulated to be required for its proper location FIGURE 1 Genetic organization of the pIP501 tra operon. Proteins with sequence similarities with the corresponding A. tumefaciens Ti-plasmid VirB/D4, E. faecalis pCF10, and C. perfringens pCW3 T4SS proteins are in blue; the potential two-protein-coupling protein (consisting of TraI pIP501 and TraJ pIP501 ) is indicated with brackets; relations based on structure (TraM C-terminal domain, VirB8-like [54] ) and domain prediction (TraL, VirB6-like) based similarities are in yellow; the gene encoding the putative relaxase is in green. The respective protein families are indicated. P tra , tra operon promoter. ), a cysteine, histidinedependent amidohydrolases/peptidases (CHAP) domain is anticipated. Furthermore, TraG contains N-acetyl-Dglucosamine binding sites within the SLT domain at positions 87, 99, 122, and 144, likely required for a proper linkage of the protein to its PG substrate. TraGmediated cleavage has been shown for PG isolated from both E. faecalis and E. coli thereby underpinning the broad host range of pIP501 transfer (52) . Moreover, the TraG domains were expressed separately, and both domains, SLT as well as CHAP, degraded PG isolated from E. faecalis. We postulate that the SLT TraG domain acts as a lytic transglycosylase because it was efficiently inhibited by the lytic transglycosylase inhibitors, bulgecin A and hexa-N-acetylchitohexaose, respectively (52) . Furthermore, an exchange of the conserved glutamate residue in the putative catalytic center of the SLT domain to glycine (E87G) nearly completely abolished PG cleavage activity, which is consistent with this part of TraG being a lytic transglycosylase (52) .
In yeast-two-hybrid, pull-down assays and Thermofluorbased protein-protein interaction studies, TraG showed self-interaction (it is postulated to be a dimer) as well as interactions with six other pIP501 T4SS proteins, namely with TraB, TraE, TraH, TraI, TraJ, and TraN ( [27] ; N. Goessweiner-Mohr et al., unpublished data). We postulate that TraG locally punches holes in the PG meshwork. Through its interactions with the VirB4 homolog, TraE, the VirB6-like protein, TraL (17, 35) , and the putative twocomponent coupling protein TraI/TraJ, TraG might recruit them to their proper location in the T4S complex, thereby possibly positioning the T4S complex at discrete foci on the cell surface (K. Arends and E. Grohmann, unpublished data). In the working model of pIP501 DNA transfer (Fig. 2) , the putative key role of TraG in the DNA transfer process, its interactions with other T4SS components, and the putative way of the pIP501 DNA through the T4S complex are depicted.
The T4SS Channel/Putative Core Complex Component Family
The pIP501 T4SS comprises two putative channel components, the VirB8-like protein TraM (54) and the putative VirB6 homolog TraL (17, 35) .
Bhatty and colleagues postulated a key role for the G+ VirB8 homologs as putative cell wall-spanning components in the T4S complex (17) . For the pIP501 system, TraM was predicted to act as a VirB8 homolog (54) . For TraM, a possible scaffolding role in the T4S complex has been suggested based upon its structural similarities to the G-VirB8 proteins (55, 56) and to TcpC from Clostridium perfringens (57). However, its largely different domain composition points toward a divergent role in the T4S process (54) . Nevertheless, we have no experimental evidence for the key role of TraM in the secretion process, because no interactions with other pIP501 T4SS proteins have been detected so far ( [27] ; N. Goessweiner-Mohr et al., unpublished data). This could be explained, in part, by the fact that all interaction studies have been conducted with the soluble variant of TraM; the C-terminal domain TraMΔ, as the full-length protein, could not be expressed in suitable amounts so far. It is likely that the interaction domain of TraM is located in the amino-terminal region which contains a transmembrane domain (TMD); studies in this direction are currently being performed in our laboratories.
In the G+ T4SS model postulated by the Christie group (17) , the VirB6 homolog is part of the cytoplasmic translocon/ATPase complex that is presented based upon findings from G-T4SSs. For TraL pIP501 , only interactions with the cytoplasmic protein TraN and the putative surface adhesin, TraO, have been demonstrated so far (27) . Nevertheless, because VirB6-like proteins are highly conserved among G-and G+ T4SSs alike, they are assumed to play an important role in the scaffolding or even the makeup of the inner membrane secretion channel, as suggested for Gtransfer systems (58, 59, 60, 61, 62) . This is an especially appealing argument for G+ T4SSs, because no sequence-based or structural homologs were detected for the actual G-channel proteins, VirB7, 9, and 10 (17, 35, 63) .
Surface Factor/Adhesin Family
Based on our current knowledge, the only pIP501 T4SS protein that could act as a surface adhesin is the TraO protein (29.9 kDa, GenBank CAD44395). TraO is a 282-aa protein containing a signal peptide with a putative cleavage site at positions 24 to 25 (SignalP 4.1). A Pro-rich domain is found at the amino terminus of the protein with a highly repetitive region [(Asp-Pro-Val) 7 -(Glu-Pro-Thr) 37 ] at positions 54 to 184. An LPxTG cell wall anchor motif (64) was found at the carboxy-terminal part of the protein (aa 252 to 256) followed by mainly hydrophobic and positively charged amino acids and a putative transmembrane helix (TMH) at positions 261 to 278 (HMMTOP). The C-terminal part of TraO is therefore most likely anchored to the cell wall via a covalent bond between Thr of the LPxTG motif and the PG mediated by the transpeptidase sortase A, and the N terminus is consequently exposed to the surface of the enterococcal cell wall (65, 66) .
TraO is related to the putative cell wall-anchored surface protein PrgC, encoded by the sex pheromoneresponsive plasmid pCF10 (35) . In agreement with TraO, PrgC also contains highly repetitive sequence motifs of a three-residue periodicity comprising Prouncharged-Glu/Asp residues (17, 35) . Such repeat regions are also present in other G+ surface adhesins, such as the IgA-binding proteins of S. agalactiae, and Staphylococcus aureus and streptococcal fibronectinbinding proteins (17, 67) . These characteristics make a role of TraO pIP501 and PrgC pCF10 in establishing the contact with the recipient cell likely (17) . In preliminary data from the Grohmann laboratory, deletion of the TraO LPxTG cell wall anchor motif appeared to abolish pIP501 transfer in E. faecalis (K. Arends and E. Grohmann, unpublished data).
FIGURE 2
Model of the pIP501 DNA transfer pathway. First, oriT pIP501 is bound by the relaxase TraA. After being nicked, the single-stranded plasmid is recruited to the putative transfer channel (modified from reference 17) via the putative two-protein coupling protein TraJ. Decreased shading of PG symbolizes TraG-mediated local opening of PG. The localization and orientation of the T4SS proteins is based on in silico predictions and localization studies (52, 54) . The N terminus of the T4SS proteins is marked (N). Arrows indicate protein-protein interactions determined by yeast-two-hybrid studies and validated by pull-down assays (27) , as well as interactions found by using the Thermofluor method (Goessweiner-Mohr et al., unpublished data). The thickness of the arrows marks the strength of the detected interactions. The putative function of key members of the pIP501 tra operon in the DNA secretion process is indicated. PG, peptidoglycan; CM, cytoplasmic membrane; CP, cytoplasm. doi:10.1128/microbiolspec.PLAS-0004-2013.f2.
Conjugative Transfer of Enterococcus Sex Pheromone Plasmids
In the sex pheromone-responsive DNA transfer systems, the contact between donor and recipient cells is mediated via a sophisticated, tightly controlled system based upon small peptides, the so-called sex pheromones, which are secreted by potential plasmid recipients. pAD1 and pCF10 are sex pheromone-responsive plasmids present in many E. faecalis strains (33, 34, 68, 69) . Genetic and physiological studies on pAD1 transfer have been performed by the Clewell group (68, 70) . Recently, interesting features of the catalytic domain of the pAD1 relaxase, TraX, have been published by Francia and coworkers (71) . For pCF10, conjugative plasmid transfer has been studied in some mechanistic detail by the Christie and Dunny groups. Upon sensing of a specific peptide pheromone, E. faecalis efficiently transfers plasmid pCF10 through a T4SS to recipient cells (72) . The 67.6-kb plasmid has so far been found only in the enterococci, but it was shown to mobilize oriT-containing plasmids to Lactococcus lactis and S. agalactiae (72, 73) . The tetracycline resistance plasmid pCF10 codes for pheromone sensing and response functions, conjugation factors, and a surface adhesin termed aggregation substance that is important both for conjugation and virulence (72) . Putative key proteins of the pCF10 T4SS are presented in comparison to the pIP501 system.
Motor Protein Family
Similarly to pIP501, pCF10 encodes two proteins with putative ATPase activity, PcfC, a membrane-bound putative ATPase related to the coupling proteins of GT4SSs (72) , and PrgJ, a VirB4-like ATPase (46) . A PcfC Walker A NTP binding site mutant fractionated with the E. faecalis membrane and formed foci, whereas PcfC devoid of its N-terminal putative TMD distributed uniformly throughout the cytoplasm. PcfC wild-type and mutant proteins were shown to bind only the processed form of the pCF10 plasmid in vivo (72) . Reminiscent of observations in the A. tumefaciens T4SS, formation of the pCF10-PcfC formaldehyde cross-link required the relaxase PcfG and its accessory factor, PcfF, but not the Mpf channel components or ATP hydrolysis by PcfC (17, 72) . Chen and colleagues presented a model in which the PcfC coupling protein initiates DNA transfer through the pCF10 T4S channel in an NTP-dependent mode (72) .
PrgJ is a member of the VirB4 family of ATPases that is found in virtually all T4SSs. Purified PrgJ dimers were demonstrated to bind and hydrolyze ATP (46) . A PrgJ NTP-binding site mutation slightly diminished ATP binding but abolished ATP hydrolysis in vitro and blocked pCF10 transfer in vivo. PrgJ wild type and the mutant protein interacted with the coupling protein PcfC, the relaxase PcfG, and the accessory factor PcfF (46) . Moreover, PrgJ and its mutant protein bound single-stranded and double-stranded DNA substrates without sequence specificity in vitro, and in vivo by a mechanism dependent on an intact pCF10 oriT sequence and cosynthesis of PcfC, PcfF, and PcfG. Li and colleagues presented a model in which the PcfC coupling protein coordinates with the PrgJ ATPase to drive early steps of pCF10 transfer. In this model, PrgJ catalyzes DNA substrate transfer to the membrane translocase, thereby pointing to a novel function of VirB4-type ATPases in mediating early steps of T4S (46) .
The Peptidoglycan Hydrolase Family
The hydrolases associated with G+ T4SSs differ from prototypical VirB1 from A. tumefaciens, which is secreted to the periplasm and contains a single hydrolase domain. The G+ PG hydrolases instead contain aminoproximal TMDs and thus are likely anchored in the membrane (17, 35) .
PrgK pCF10 is a large, 871-aa protein with an Nproximal TMD and three predicted hydrolase domains of the LytM, gp13/SLT, and CHAP (NlpC/P60) families (17) . Recent studies at the Christie laboratory have demonstrated that the latter two domains are catalytically active and that one, but not both of them, is required for assembly of a functional T4SS. Deletions or catalytic site mutations of both gp13/SLT and CHAP domains completely abolished pCF10 transfer (17) . As demonstrated for the pIP501 PG hydrolase TraG (52), PrgK is absolutely required for T4SS pCF10 function (132) .
Bhatty and colleagues presented a working model for T4S in G+ bacteria in which the G+ VirB1 homologs form a crucial part of the T4SS membrane complex. In the model, the amino-terminal TMD of the PG hydrolase forms part of the membrane translocation complex, and the carboxy-terminal hydrolase domain and the VirB8-like domains (PrgL in the case of pCF10) extend across the cell wall and form a channel or fiber through or along which the secretion substrates pass (17) .
The T4SS Channel/Putative Core Complex Component Family
Only two of the conserved components of the G+ T4SSs are predicted to localize to the exterior face of the cytoplasmic membrane, the VirB1-like PG hydrolase and the carboxy-terminal domain of the VirB8-like subunit, PrgL in the case of pCF10 (17) . Together with the polytopic VirB6-like protein, PrgH, they could form the major components of the T4SS channel spanning the G+ cell envelope (17) . Interestingly, pCF10 encodes a second VirB8-like protein, which resembles in terms of its domain composition TraM pIP501 (54) . The presence of a second VirB8-like protein in the pCF10 T4SS might indicate distinct roles for these two proteins, reflected in their diverse structural composition. Alternatively, one of the proteins might be a remnant of an ancestral T4SS, a prototypic conjugation machinery from which the respective G-and G+ T4SSs might have branched off earlier in evolution.
Surface Factor/Adhesin Family
The G-T4SSs elaborate conjugative pili, but to date no G+ system has been demonstrated to generate similar structures. Instead, the G+ systems enable target cell attachment, at least in part, through the generation of surface factors or adhesins (17) . The best-characterized adhesin is the aggregation substance, PrgB encoded by plasmid pCF10 (74, 75) . PrgB is a large approximately 137-kDa protein with homologs found predominantly in related pheromone-inducible conjugation systems of enterococci. PrgB contains an amino-terminal signal sequence, a carboxy-terminal LPxTG cell wall anchor motif, cell adhesion RGD motifs, and a glucan-binding or aggregation domain resembling those of the Streptococcus glucan-binding protein C and surface protein antigen (Spa)-family proteins (17, 76, 77) . A prgB mutant was able to transfer pCF10 at significant frequencies in solid-surface matings, indicating that other surface factors or the secretion channel itself also can promote target cell contacts (17) . The pCF10 tra region codes for two other cell wall-anchored surface proteins, PrgA and PrgC (35) . PrgA was demonstrated to be involved in surface exclusion, but it might also participate in the formation of mating junctions (78) . PrgC is related to TraO of pIP501. Both proteins are predicted to mediate specific contacts with recipient cells (17, 27, 35) and possibly also with eukaryotic cells (17) .
Secondary Structure Homology-Based Classification Scheme For T4SS Proteins
Although proteins may only show limited sequence identity, and thus would not be identified as being related, a comparison of their respective secondary structure content and domain composition can reveal relations that would not have been detected otherwise. To broaden our understanding of the structural relations between T4S components of G+ and G-origin, we performed an extended search for putative PG hydrolases, VirB6-like and VirB8-like proteins in a broad spectrum of conjugative plasmids, transposons, ICEs, and genomic islands (GIs). Based on their predicted secondary structure content and domain composition, we categorized the homologous proteins into distinct classes. In the following sections, the results are given in detail.
The VirB1 Protein Family
The putative PG hydrolases were categorized into four distinct classes (Fig. 3) . The prediction-based comparisons are presented in Table 1 and in detail in Fig. 4 .
All analyzed putative lytic transglycosylases found in putative T4SSs of G+ origin (12 plasmids and 10 T4SSs located on the chromosome, including three ICEs and five transposons) contain an SLT and a CHAP(-like) domain. These proteins can be further divided into three distinct classes. Class ALPHA proteins (e.g., TraG of pIP501) contain a very short (15 to 20 aa) N-terminal sequence, followed by a TMH, a short linker, and an SLT domain. The C-terminal CHAP domain is connected to the core part of the protein via another linker region. Class BETA proteins (e.g., TcpG of pCW3 from C. perfringens) share this composition, but lack the Nterminal sequence in front of the TMH. Thus, these proteins are smaller than the class ALPHA proteins. Only two proteins were found for class DELTA: PrgK from E. faecalis conjugative plasmid pCF10 and Orf42 from Streptococcus suis ICESsu32457. These two proteins show an exceptional length (871 and 933 aa, respectively), both contain a TMH, an SLT, and a CHAP-like domain but in addition they contain a large N-terminal domain of unknown function, facing toward the cytoplasm.
All analyzed putative lytic transglycosylases found in putative T4SSs of G-origin (15 plasmids and three T4SSs located on the chromosome, including one pathogenicity island [PAI] and one ICE) contain only an SLT domain and most of them were predicted to lack a TMH. Because these proteins lack a CHAP-like domain, they are significantly shorter than class ALPHA and class BETA proteins of the G+ T4SSs and were all classified into class GAMMA.
Besides an universally shared SLT domain, enzymes from G+ bacteria comprise an additional catalytic domain at the C terminus (CHAP) and a TMH at the N terminus, whereas all T4S-related G-lytic transglycosylases lack these two additional characteristics (class GAMMA). We propose that the significant difference between lytic transglycosylases of G-and G+ T4SSs is due to the disparate composition of the cell envelopes. G-cell walls comprise two membranes, separated by a thin and to a certain extent cross-linked PG layer. In contrast, G+ bacteria possess a single membrane, coated by a much thicker, highly cross-linked PG layer, which itself may be covered by a protein or glycoprotein outer layer (79) . In the case of G-bacteria, the activity of the SLT domain might be sufficient to open up the thin PG layer between the two membranes (80, 81) . Possibly because of the highly cross-linked PG in G+ bacteria, the PG-degrading enzymes possess an additional catalytic domain at the C terminus to facilitate local opening of the PG meshwork.
The VirB6 Protein Family
An extensive comparison of VirB6-like polytopic membrane proteins of G-and G+ origin showed significant variability of their secondary structure motifs (N. Goessweiner-Mohr et al., unpublished data). VirB6-like proteins originating from G+ T4SSs can be grouped according to their number of amino acids. A first set of proteins shows a length of 265 to 335 aa, a second group of candidates comprises 720 to 1120 aa, respectively (N. Goessweiner-Mohr et al., unpublished data). The E. faecalis-derived proteins PrgH pCF10 and TraL pIP501 belong to the group of smaller proteins, which resemble the classical A. tumefaciens VirB6 (35) composition in size and number of predicted transmembrane (TM) motifs, whereas TcpH pCW3 belongs to the group of larger VirB6-likes (Fig. 5) . Similar to the G+ VirB6-like proteins, the respective proteins of G-origin can also be graded. Again, this classification depends on the overall number of amino acids and the observed secondary structure motifs (N. Goessweiner-Mohr et al., unpublished data). The classical VirB6 proteins show a limited variability and possess about 295 to 350 aa (e.g., VirB6 of the VirB/D operon, A. tumefaciens; and TraD of pKM101, E. coli). Another group of potential VirB6-like proteins consists of proteins of about 570 to 940 aa, respectively (e.g., TraG of plasmid R1, E. coli). A last group of putative VirB6-likes (e.g., TrbP of pBP136, Bordetella pertussis) comprises much shorter candidates (about 240 aa).
The VirB6-like proteins contain up to eight TM motifs with diverse domains as linkers between distinct TMHs. Members of shorter VirB6 protein classes only show short linker regions between the individual TMH motifs, whereas large domains are found among other VirB6-likes. The exact function of these domains in the course of the conjugative transfer is still a matter of debate. Most likely, they enable VirB6-like proteins to establish protein-protein interactions or to form stable oligomers, and these interactions might be necessary for the buildup of an inner-membrane trans- fer channel and the subsequent DNA transport (35, 82, 83) . In the case of the large putative VirB6-likes of GT4SSs (e.g., plasmids R1/R100-1/F of E. coli), it has been argued that the C-terminal part of the respective protein could serve as an entry exclusion factor (84, 85, 86, 87) .
The VirB8 Protein Family
Through a secondary structure prediction-based search we were able to identify numerous previously undetected proteins of G-and G+ T4SSs alike, which share the VirB8 (NTF2-like) fold (54) . Furthermore, a comparison of their buildup revealed striking differences in the ASMscience.org/MicrobiolSpectrum 11 Conjugation in Gram-Positive Bacteria composition of the VirB8-like proteins. Based on our observation, we were able to propose a new classification of VirB8-like T4S proteins. Classic VirB8-like proteins found in G-bacteria, as well as in five T4SSs of G+ origin (e.g., pCF10 from E. faecalis), contain only one NTF2-like domain (class ALPHA). Proteins with two successive NTF2-like domains, such as TcpC from C. perfringens, belong to class BETA. Class GAMMA proteins (e.g., TraM of pIP501 from E. faecalis) consist of a single, C-terminal NTF2-like domain plus a large cytoplasmic N-terminal domain of yet unknown fold. We further propose that the significant variation between VirB8-like proteins of G-and G+ bacteria is due to the distinct composition of the cell envelopes. Another explanation for the existence of the three protein classes may be the functional adaptation of the respective proteins to the requirements of the diverging conjugation systems.
DOUBLE-STRANDED DNA TRANSFER IN MULTICELLULAR GRAM-POSITIVE BACTERIA Conjugative Transfer in Streptomyces
The antibiotic producers of the genus Streptomyces represent a huge natural reservoir of antibiotic resistance genes for the spread of resistance within the soil community. Streptomyces plasmids encode a unique conjugative DNA transfer system clearly distinct from the classical conjugative transfer systems involving a singlestranded DNA molecule and a T4SS. In Streptomyces matings, only a single plasmid-encoded protein, TraB, is required to translocate a double-stranded circular DNA molecule into the recipient (88) . Recently a potentially distinct mode for the transfer of double-stranded linear plasmid DNA in Streptomyces has been postulated (89).
The Classical Streptomyces Mode: Circular Double-Stranded DNA Transfer
Streptomycetes feature a unique conjugative DNA transfer system relying on double-stranded DNA translocation that is performed by a single protein, TraB, related to FtsK, mediating chromosome segregation during bacterial cell division (25) . The first experimental evidence for the distinct transfer mechanism of Streptomyces plasmids came from the work of Possoz et al. (90) demonstrating that conjugation of the Streptomyces ambofaciens plasmid pSAM2 was sensitive to the presence of the SalI restriction/modification system in the recipient indicating that the transferred incoming DNA must be double stranded (90) . Probably owing to the toxic effects of the transfer determinants, plasmid transfer in Streptomyces becomes apparent by the formation of so-called pock structures with a diameter of 1 to 3 mm. Pocks are generated when donor spores germinate on a lawn of a plasmid-free recipient. The pocks are temporally retarded growth inhibition zones and indicate the area where the recipient mycelium has acquired a plasmid by conjugative transfer (88) . Formation of pock structures has been interpreted as the result of intramycelial plasmid spreading via the septal cross-walls of the recipient mycelium (11, 88, 91) . In intramycelial plasmid spreading additional plasmidencoded factors, termed Spd proteins, appear to be involved (88) . The characteristics of the TraB and Spd proteins are presented in the next paragraphs.
TraB Is Sufficient for Circular Double-Stranded DNA Transfer
The TraB protein family-up to now, only members in Streptomyces plasmids have been detected-was shown to be a highly diverse family of proteins with only very limited sequence similarity (88) . However, secondary structure predictions showed identical domain architecture for all TraB homologs resembling that of FtsK: an amino-terminal membrane association domain that is followed by a translocase/ATPase domain with Walker A and B motifs and a carboxy-terminal winged helixturn-helix fold (26) . ATPase activity and membrane association have been demonstrated for TraB proteins of various plasmids (88, 92, 93, 94) . Inactivation of the ATP binding site of TraB from the Streptomyces nigrifaciens plasmid pSN22 confirmed that the ATPase activity is essential for conjugative transfer (92) .
TraB of the Streptomyces venezuelae plasmid pSVH1 was expressed and purified in Streptomyces lividans (94) . Chemical cross-linking revealed higher oligomeric structures that were also observed when the membrane association domain of TraB was deleted. Ring-shaped TraB particles were detected by electron microscopy, the images revealed symmetric hexamers of approximately 12 nm in diameter containing a central pore (88) . This structure fits with a predicted TraB-DNA-translocase structure obtained by homology modeling with the P. aeruginosa FtsK translocase domain crystal structure as a template (26) . Both structures contained a central pore of 3.0 and 3.1 nm, respectively, which is sufficiently wide to accommodate a double-stranded DNA molecule (88) .
To accomplish DNA transfer from the donor to the recipient cell, the plasmid DNA has to pass the cell envelopes of two Streptomyces cells, meaning the cytoplasmic membrane and PG layers of both partners (88) . PG binding by TraB was demonstrated by Vogelmann et al. (26) . For the membrane passage, a pore structure has been postulated for TraB (88) . Studies using planar lipid bilayers demonstrated that TraB inserted into the membrane at various voltages and formed pores with an opening time of about 47 to 81 ms (positive voltage applied) and 105 to 200 ms, respectively, when a negative voltage was applied (26) .
Only a short DNA region, denominated clt locus, consisting of 8-bp repeats, is required in cis on the plasmid for TraB-mediated DNA transfer (88) . Electrophoretic mobility shift assays (EMSAs) showed specific binding of TraB to a plasmid region at the 3′ end of traB, which represents the clt region of pSVH1 (94) . The clt pSVH1 region contains nine imperfectly conserved copies of the GACCCGGA sequence. In other Streptomyces plasmids also, specific 8-bp repeats have been detected in the (predicted) clt regions (26, 88, 95) . With the exception of two plasmids, the clt locus localizes in all Streptomyces plasmids to the 3′ end of traB, forming a 2.5-kb tra module consisting of traB and clt next to it (88) . EMSAs applying covalently closed circular (ccc) DNA as a substrate revealed that TraB binds noncovalently to plasmid DNA and that the plasmid DNA molecule was not processed by TraB binding (94) .
Intramycelial DNA Spread Requires Plasmid-Encoded Spd Proteins
Whereas plasmid transfer from a donor into the recipient requires only TraB, plasmid spreading involves five to seven plasmid-encoded Spd proteins in addition to TraB. This likely reflects the challenge to cross the Streptomyces septal cross-walls. The Spd proteins show no significant similarity to any functionally characterized protein (88) . Inactivation of a single spd gene diminishes the size of the pock structures (88, 96, 97, 98, 99) . In addition, the genetic organization of the spd genes with overlapping stop and start codons and detection of protein-protein interactions indicated that the Spd proteins form a multiprotein complex together with TraB (31, 88) . How this putative multiprotein complex promotes intramycelial plasmid spreading remains to be elucidated.
A POTENTIAL NOVEL LINEAR DNA TRANSFER MECHANISM IN STREPTOMYCES
The ability of the Streptomyces plasmid pIJ101 transfer apparatus to promote conjugative transfer of doublestranded circular versus double-stranded linear versions of the same plasmid was compared by Wang and Pettis (89) . While the pIJ101 tra locus comprising the translocase gene traB and clt site readily transferred the circular form of the plasmid, the linear version was transferred orders of magnitude less efficiently and all plasmids isolated from the transconjugants were circular, regardless of their original configuration in the donor (89) . Moreover, relatively rare circularization of linear plasmids was observed in the donor cells, which coincides with the notion that circularization is a prerequisite for transfer mediated by TraB pIJ101 . Interestingly, the linear version of the same replicon transferred efficiently from donors harboring the conjugative linear plasmid SLP2 (89) .
Only a little information is available about conjugative transfer of Streptomyces linear plasmids. Some linear plasmids encode a SpoIIIE/FtsK homolog, which, in the case of SLP2, allows efficient conjugative transfer not only of linear SLP2, but also of its circularized derivatives (100) . For the transfer of linear plasmids in their natural configuration, an end-first model has been postulated where transfer is initiated from a terminal protein-capped end (101) . It is unknown whether linear plasmids also contain clt loci. However, additional functions potentially unique to the transfer of linear plasmids have been identified (100, 102, 103) . These functions include ttrA, a putative helicase gene present near the end of the SLP2 genome (103, 104) . It was demonstrated that the ttrA gene of SLP2 was important for SLP2 transfer (103) .
Wang and Pettis suggested that functions that were sufficient for efficient transfer of circular DNA in Streptomyces were insufficient for effective transfer of linear DNA, strengthening the notion that the conjugative transfer mechanisms of linear versus circular DNA in Streptomyces are inherently different (89) .
CONJUGATIVE PLASMIDS AND BIOFILMS
Biofilms are the predominant mode of life for bacteria in nature. Bacteria living in biofilms have been shown to be better protected from harmful impacts from their environment than their planktonic counterparts (105, 106) and adapt more readily to environmental changes via specialized communication systems, denominated quorum sensing (107, 108) . The formation of a stable mature biofilm is the product of social interactions that have evolved through a series of adaptations (109) . In past decades, a growing number of studies showed that biology of conjugative plasmids and biofilm community structure and functions are intertwined through many complex interactions, ranging from the genetic level to the community level (109) . There is growing evidence that conjugative plasmids can promote the formation of biofilms or at least increase or accelerate their formation through genetic traits encoded on their genomes (109, 110, 111) .
Conjugative plasmid transfer in biofilms was experimentally shown for the first time by Hausner and Wuertz in 1999 (112) . In 2001, Ghigo claimed that conjugative plasmids themselves can encode traits that induce biofilm formation of planktonic bacteria (113) . Numerous experimental data provided evidence that conjugative transfer occurs at higher frequencies between members of biofilm communities than between bacteria in a planktonic state (109, 112, 114) .
Conjugation between Gram-Positive Bacteria in Biofilms
Cook and colleagues demonstrated that growth in biofilms can alter the induction of conjugative transfer by a sex pheromone in E. faecalis harboring plasmid pCF10. Variations in pCF10 copy number and a bimodal response to the induction of conjugative transfer in populations of pCF10-harboring donor cells were observed in biofilms. Cook and coworkers argued that the Enterococcus pheromone system may have evolved such that donors in biofilms are only induced to transfer when they are in extremely close proximity to potential recipients in the biofilm (115) .
There is growing evidence for conjugative plasmid transfer among G+ bacteria in natural biofilms. Sedgley and coworkers provided evidence that the conjugative erythromycin-resistance plasmid pAM81 could transfer efficiently between Streptococcus gordonii and E. faecalis in biofilms in the root canals of human teeth (116) .
In general, higher plasmid transfer frequencies are observed in biofilms. Nevertheless, there exist spatial constraints within biofilms that may hinder the spread of plasmids in an already-established biofilm (117). Krol and coworkers showed how the transfer of an IncP-1 plasmid has spatial and nutritional constraints and occurred predominantly in the aerobic zone in an E. coli biofilm (118). Madsen and colleagues speculated that a prerequisite for successful transfer of certain plasmids in a biofilm community might be that the plasmid is present in the initial phases of biofilm formation. This can be accomplished if the biofilm priming traits are encoded by the plasmid itself (109).
MONITORING OF CONJUGATIVE PLASMID TRANSFER
A variety of monitoring techniques, either PCR based or fluorescence microscopy based, have been designed in the past two decades to quantitatively follow conjugative plasmid transfer under different conditions and in distinct environments.
In complex microbial communities with a high background of antibiotic resistance genes, the detection of conjugative transfer of resistance genes is challenging.
One option to overcome the problem is labeling the antibiotic resistance gene. This approach was performed by Haug et al. (119) . The conjugative multiresistance plasmid pRE25, originally isolated from E. faecalis, whose transfer region is virtually identical to that of pIP501 (120) , was tagged with a 34-bp random sequence marker spliced by tet(M). The plasmid construct, denominated pRE25*, was transformed into E. faecalis CG110/gfp, containing a gfp gene as a chromosomal marker. pRE25* was shown to be fully functional compared with its parental pRE25 and could be transferred to Listeria monocytogenes and Listeria innocua at frequencies of 6 × 10 -6 to 8 × 10 -8 transconjugants per donor. Different markers on the chromosome and the plasmid enabled independent quantification of donor and plasmid via quantitative PCR. Haug and coworkers concluded that E. faecalis CG110/gfp/pRE25* is a potent tool for the study of conjugative resistance transfer in complex environments such as biofilms or food matrices (119) .
Over the past decade, advances in reporter gene technology have provided new insights into the extent and spatial frequency of conjugative transfer in vitro and in natural environments (114, 121) . This methodology involves the integration of genes encoding reporter proteins such as GFP in the conjugative plasmid of interest. In this way, the fate of plasmids in a bacterial community can be monitored in situ nondestructively. By this approach, conjugative spread of different plasmids was monitored in a variety of environments including agar-surface grown colonies (122, 123, 124) , biofilm model systems (112, 118, 122, 125) , freshwater microcosms (126), or plant leaves (127) . Nancharaiah and coworkers were the first to use a dual-labeling technique involving GFP and the red fluorescent protein (DsRed) for in situ monitoring of conjugation (128). However, most monitoring tools have been developed for G-bacteria and consequently most studies have been performed among G-bacteria.
Recently, fluorescence monitoring tools for conjugative transfer among G+ bacteria have been developed. Arends and coworkers used a dual-fluorescence approach comprising two differently labeled plasmids, a mobilizable GFP-labeled plasmid based on the tra region of broad-host-range plasmid pIP501 and an RFPlabeled nonmobilizable plasmid ( [129] ; K. Arends, K. Schiwon, and E. Grohmann, unpublished data). With the use of this approach, conjugative transfer among distinct G+ bacteria and from G+ E. faecalis to E. coli could be visualized. A similar approach was applied for monitoring conjugative plasmid transfer among different G+ bacteria by the use of a GFP-labeled mobilizable plasmid, a CFPopt-labeled nonmobilizable plasmid, and a YFP-labeled conjugative plasmid (P. Modrie and J. Mahillon, unpublished results).
CONCLUSIONS AND PERSPECTIVES
Due to the steady increase of antibiotic-resistant bacteria, which is not restricted to hospitals and health care centers, the elucidation of the mechanistic details of conjugative resistance transfer is an issue of primordial importance. Through the application of new structural biology, cell biology, and microscopic tools, enormous progress has been made toward an understanding of the assembly and functioning of the G-T4SSs required for conjugative DNA spread. Considerable progress has been also made in the characterization of DNA transfer systems originating from G+ bacteria, particularly on the plasmid-encoded T4SSs of Enterococcus and Clostridium origin, both have evolved into prototype systems and serve as reference for studies in G+ pathogens such as the streptococci in which a multitude of strains with so-called minimized T4SSs have been detected recently (17, 130) .
In recent biochemical and structural studies, significant differences between the G+ and G-transfer machineries concerning the putative membrane channel became evident. Most of them might be explained by the distinct structure and composition of the G+ and G-cell envelopes. Clear evidence for this argument has been provided by the lack of the G-core complex components, VirB7, VirB9, and VirB10 in the G+ systems analyzed so far. In this respect, to advance our understanding of the DNA transport through the G+ cell envelope, the identification and structure solution of the G+ T4SS core complex are urgently required.
In past years, a revival of interest in plasmid transfer and its relevance in nature, particularly in complex microbial communities such as biofilms, was noticed. Based on the advances in reporter gene technology and high-resolution microscopic tools for spatial and temporal analysis of microbial communities, it became possible to quantify plasmid transfer in complex bacterial communities which enabled the demonstration of highfrequency plasmid transfer, e.g., in biofilms, in freshwater microcosms, and in dental plaque of human teeth.
In summary, we expect that in the near future a global picture of the mechanism and the hot spots of conjugative transfer in the community and in the environment will emerge that will aid in designing countermeasures to fight antibiotic resistance spread to maintain the efficiency of antimicrobial drugs.
